Self-report data on smoking initiation (whether the respondent admitted ever having smoked) were obtained from three large adult twin samples (Australia, N = 3,808 pairs; Virginia, N = 2,145 pairs; AARP, N = 3,620 pairs). Data were broken down into birth cohorts, and genetic models were fitted to test whether the decline, in more recent birth cohorts, in the percentage of individuals becoming smokers has
Smokers, compared to nonsmokers, are more likely to report smoking by other family members, including parents (Chassin, Presson, Sherman, Cortz, & Olshavskyl, 1984; Murphy & Price, 1988; Ogawa, Tominaga, Gellert, & Aoki, 1988; Pederson & Lefcoe, 1986; Swan, Creeser, & Murray, 1990 ) and siblings (Mittelmark et al., 1987; Ogawa et al., 1988; Swan, Carmelli, Rosenman, Fabsitz, & Christian, 1990) . Also they are more likely to report smoking by peers (Chassin et al., 1984; McNeill et al., 1988; Mittelmark et al., 1987; Ogawa et al., 1988; Swan, Creeser, & Murray, 1990) . These associations generally have been interpreted using a social learning theory approach (Bandura, 1969; Hunter, Baugh, Webber, Sklov, & Berenson, 1982; USDHEW, 1979) on the assumption that the smoking habit is acquired by imitation, and that individuals with similar histories of exposure to smoking by family members and friends all are equally likely to become smokers. However, because parents and siblings are genetically related to the respondents, we cannot use the familial aggregation of smoking to infer environmental causation. A series of studies using twin and adoption data have suggested a substantial genetic contribution to smoking behavior, including the initiation of smoking (Carmelli, Swan, Robinette, & Fabsitz, 1990 Eaves & Eysenck, 1980; Hannah, Hopper, & Mathews, 1985; Hughes, 1986; Kaprio, Koskenvuo, & Sarna, 1981; Pedersen, 1981; Swan, Carmelli, et al., 1990) . These studies suggest that even with identical environmental exposure histories, individuals will differ in their risk of becoming smokers because of underlying genetic differences. The relationship between smoking and peer smoking likewise need not imply any direct causal influence: Individuals who are at increased risk of becoming smokers may choose to associate with others who are similarly predisposed, perhaps because they share similar temperaments that are associated with increased risk of smoking initiation (Cherry & Kiernan, 1976; Eaves & Eysenck, 1980; Zuckerman, Ball, & Black, 1990) .
Studying the contribution of genetic variables to initiation and progression of smoking provides a useful model for studying genetic contributions to risk of Genetic Contribution to Risk of Smoking 223 illicit substance use and abuse. As in the case of illicit substance use, there are marked cohort effects on smoking initiation, with declining numbers in more recent cohorts reporting ever having smoked (O'Malley, Bachman, & Johnston, 1984) . Since the 1960s, there also have been important changes in awareness of the health risks of smoking (NHMRC, 1962; Royal College of Physicians, 1962; USPHS, 1964) . These changes might be expected to modify differentially the determinants of smoking initiation in younger compared to older cohorts, perhaps increasing the role of risk taking, impulsivity, and similar heritable personality traits (Eaves, Eysenck, & Martin, 1989; Loehlin, 1992) . The classical twin design, by comparing pairs of individuals of the same age, reared in the same home (and therefore with the same exposure to smoking by parents or older siblings), who may either be genetically related as ordinary full siblings (dizygotic or DZ twin pairs) or genetically identical (monozygotic or MZ twin pairs), provides a very sensitive test for changes in the genetic and environmental determinants of smoking initiation across cohorts (Heath et aI., 1985; Heath, Neale, Hewitt, Eaves, & Fulker, 1989) . In this article we test for the interaction of genetic and environmental effects with birth cohort (Genotype x Cohort interaction), using data from twin samples from Australia (Hannah et aI., 1985; and from the United States (Meyer, Heath, & Eaves, 1992; Meyer, Heath, Martin, & Eaves, 1993) .
METHOD Samples
We present analyses of data from three large twin samples, which we shall refer to as the Australian, Virginia, and American Association of Retired Persons (AARP) samples. The Australian sample derives from a mailed questionnaire survey, in 1980-1982, of 5,967 adult twin pairs on the volunteer National Health and Medical Research Council (NHMRC) twin register (Jardine, 1985; Jardine, Martin, & Henderson, 1984) . Completed questionnaires were received from both members of 3,808 twin pairs (64% pairwise response rate), and from only one twin of 576 twin pairs (69% individual response rate). Data from incomplete twin pairs are not used here. These data previously were analyzed by Hannah et al. (1985) and Heath and Martin (1993) , who found evidence for a genetic effect on smoking initiation, but did not consider whether there were cohort differences in the magnitude of genetic and environmental influences. The breakdown of sample sizes by zygosity and birth cohort is included in Table 1.1 The Virginia and AARP samples provide new data on the smoking habits of twins from the population-based Virginia twin register, and from the volunteer AARP twin panel. Between 1985 Between -1987 , questionnaires were mailed to 7,858 I In some publications, the total sample size for the Australian twin pairs is listed as 3,810 twin pairs. In subsequent mailings to this sample, however, it was discovered that 2 twin pairs had been doubly ascertained, and data from these pairs are included only once in the analyses here.
twins on the Virginia twin register, a register of birth-certificate-confirmed multiple births in Virginia from 1915 onwards. Completed questionnaires were returned by 5,339 individuals, a 68% response rate, including 2,179 complete twin pairs and 981 pairs where only one twin responded. Usable data for this study were available on 2,145 twin pairs. The AARP sample is a volunteer sample of twin pairs ascertained through advertisements in AARP publications. The vast majority of twin pairs on the AARP twin panel were members of the AARP, and therefore aged 50 or older at the time of the survey. A small number of twin pairs were younger than 50, most of whom are relatives of AARP members. Questionnaires were mailed to 12,118 individuals on the volunteer AARP twin panel between [1985] [1986] [1987] [1988] [1989] . Completed questionnaires were returned by 9,423 individuals, a 78% response rate, including 3,957 complete twin pairs and 1,509 twins whose cotwin did not respond. For the purpose of this article, usable data were available from 3,620 twin pairs of known birth cohort and zygosity from the AARP twin panel. The breakdown of number of twin pairs by birth cohort and zygosity group in the Virginia and AARP samples is also given in Table 1 .
Measures
Our measures of smoking initiation, that is, of whether or not a respondent reported ever having been a smoker, were necessarily based on self-report data: use of biochemical data to validate current reports of smoking was infeasible in view of the very large sample sizes required for adequate statistical power to resolve genetic and nongenetic hypotheses (Martin, Eaves, Kearsey, & Davies, 1978) . In the Australian sample, twins were classified as never-smokers if they reported that they had never smoked cigarettes and gave no answers to questions about age of onset of smoking and average daily consumption of cigarettes, cigars, and pipes, but otherwise, they were classified as present or former smokers. The Virginia and AARP surveys shared a single questionnaire, which was somewhat different in its wording from the Australian questionnaire (Meyer et aI., 1992; Meyer et aI., 1993) . Respondents were classified as never-smokers if they reported that they had never smoked and reported no age of onset and no average daily cigarette consumption (or equivalent in pipefuls or cigars).
In the Australian study and the Virginia study, but not the AARP study, testretest data were obtained on a small sample of individuals (n = 96 in the Australian study; n = 504 in the Virginia study). These data allow us to check on the consistency of respondents' self-descriptions over time. Test-retest tetrachoric correlations (joreskog & Sorbom, 1988) were .98 for the Australian sample and .99 for the Virginia sample. In the Virginia and AARP studies, we also asked respondents to report on whether or not their cotwins had ever smoked. These data provide one check on the truthfulness of respondents in reporting whether they had ever smoked. Agreement between respondent's self-report and rating of the respondent by his or her cotwin were, again, very high, with tetrachoric correlations in the range of .96-.99.
Data Summary
Data were summarized as 2 x 2 contingency tables, computed separately for each zygosity group, cross-classifying the smoking status of first twin (i.e., present or former smoker vs. never smoked) by that of the cotwin. Twins from likesex pairs were assigned as first or second twins on the basis of birth order where this information was available, but otherwise at random. In the case of oppositesex pairs, twins were reordered so that the first twin was always the female twin from the pair, the second twin the male twin. Each sample was broken down into birth cohorts, and separate contingency tables were computed for each birth cohort. Differences in the age structure of the three samples necessitated the use of somewhat different ranges for year of birth to ensure adequate sample sizes for each sample for each birth cohort.
Twin tetrachoric correlations for smoking initiation were estimated by the method of maximum likelihood (Eaves, Last, Young, & Martin, 1978; Heath & Martin, 1988; Joreskog & Sorbom, 1986; Tallis, 1962) . Estimation of the tetrachoric correlation implies the assumption that the observed discontinuous distribution of never-smoked versus smoker (i.e., current or former smoker, combining these two response categories) is determined by an underlying normally distributed latent variable (liability or "risk" of becoming a smoker) with individuals whose risk value exceeds some critical threshold value (to be estimated from the data) becoming smokers. It is further assumed that the joint distribution of twin pairs for this latent variable is bivariate normal. We cannot directly test this distributional assumption with only dichotomous twin data, but note that this is what we would expect to observe if initiation of smoking is determined by multiple genetic or environmental factors, which combine additively, each individual factor having a relatively small effect.
When estimating twin tetrachoric correlations (Eaves et aI., 1978) , we estimated separate male and female threshold values (equivalent to estimates, in this example, of the proportions of men and women who become smokers) for each birth cohort, constraining these estimates to be the same in first and second twins from like-sex pairs, and to be the same in MZ and DZ pairs; we estimated simultaneously five twin correlations, that is, separate MZ female, MZ male, DZ female, DZ male, and DZ opposite-sex twin correlations. We computed a likelihood-ratio chi square to assess the goodness of fit of each particular model (e.g., Eaves et aI., 1978) . We also compared the chi squares obtained when we estimated separate twin correlations for each birth cohort (separate analyses) versus a single set of twin correlations for all cohorts (joint analysis of all the contingency tables). The sum of the chi squares obtained in the separate analyses of each birth cohort was subtracted from the chi square obtained in the joint analysis of all birth cohorts to yield a statistic which is itself distributed as chi square, with number of degrees of freedom equal to the sum of the degrees of freedom for the separate analyses, minus the degrees of freedom for the joint analysis. This chi square statistic was used to test whether there was significant heterogeneity of twin tetrachoric correlations across birth cohorts (heterogeneity 226 A.C. Heath et al. chi square). In some analyses, we also analyzed jointly both Virginia and AARP twin contingency tables, or tables from all three samples, to test for heterogeneity of twin correlations across samples.
Fitting Genetic Models
Genetic and environmental models were fitted to the set of twin contingency tables, separately for each sample, by the method of maximum likelihood (Eaves et aI., 1978; Heath & Martin, 1988) using the same assumptions that were used in the estimation of tetrachoric correlations. In model fitting, we compared the fit of three basic models: an additive genetic model, allowing for the additive effects of multiple genes on liability (i.e., on risk of becoming a smoker); a shared environmental model, which assumed that environmental influences on risk of smoking initiation were no more highly correlated in MZ than in DZ twin pairs; and a full model allowing for both additive genetic and shared environmental effects. All models allowed for within-family environmental effects, that is, for those differences in environmental experience that make even an identical twin differ from his or her cotwin, because even MZ twin pairs were imperfectly correlated for their smoking status. Under the additive genetic model, it may be shown (e.g., Mather &Jinks, 1971 ) that the MZ twin correlations are predicted to be exactly twice the corresponding same-sex DZ correlations. Under the shared environment model, MZ and same-sex DZ correlations are predicted to be equal. Under the full model, the MZ correlations are predicted to be greater than the same-sex DZ correlations, but less than twice the value of these latter correlations.
We also tested for sex differences in the magnitude of genetic and environmental effects. We compared the goodness of fit of (1) additive genetic, shared environmental, or full models that assumed no heterogeneity of genetic or environmental parameters across sexes; (2) corresponding models that allowed for sex differences in the magnitude of genetic and environmental parameters, but assumed that the same genetic effects were influencing smoking initiation in both sexes, or that the same shared environmental effects were influencing smoking in both sexes; and (3) models with sex-dependent genetic or environmental parameters that also allowed for the possibility that some genetic effects, or shared environmental effects, were specific to one sex. This third class of model, which allows for sex-specific genetic or environmental effects, estimates the correlation between shared environmental effects in opposite-sex pairs as a free parameter (rather than fixing this to unity, as in other models), or the correlation between genetic effects in opposite-sex pairs as a free parameter (rather than .5); and predicts that opposite sex twin pair correlations will be lower than both the male like-sex and the female like-sex DZ correlations. Because it is not possible to allow for both sex-specific genetic influences and sexspecific shared environmental influences using only data on twin pairs (Neale & Cardon, 1992) when both genetic and shared environmental parameters were included in a model, we allowed for sex-specific shared environmental effects. The assumptions implied by these models are discussed further in Heath et al. (1989) and Neale and Cardon (1992) , and will not be repeated here.
In all model-fitting analyses, variance components were constrained to be non-negative, and in all analyses models were fitted to the raw twin pair contingency tables for each birth cohort, rather than to summary correlations or pooled contingency tables. The overall goodness of fit of each model was assessed by chi-square test, as in the case of analyses estimating polychoric correlations. Likelihood-ratio (chi-square difference) tests were used to determine whether the addition of a parameter to a model led to a significant improvement in goodness of fit, in order to identify the simplest model that was consistent with the observed data. (For technical details of fitting genetic models to twin pair contingency tables, see Eaves et aI., 1978.) Fitting Sibling-Effects Models A potential criticism of the standard genetic models, when they are applied to such behavioral variables as initiation of smoking, is that they ignore the environmental influence of smoking initiation by one twin on risk of smoking initiation by the cotwin. Therefore, we also examined the goodness of fit of sibling-effect genetic models (Carey, 1986; Eaves, 1976; Heath et aI., 1989) . In addition to the parameters of the traditional genetic model, these models include parameters representing the environmental impact of smoking by one twin on risk of smoking initiation by the cotwin, and vice versa. If there are both genetic effects and reciprocal sibling effects on risk of smoking initiation, differences in incidence of smoking will be predicted between MZ versus DZ twin pairs (e.g., Carey, 1992) . This prediction is a particularly powerful one when, as in the case of smoking initiation, the incidence is changing markedly across cohorts. Technical details of the specification of the sibling-effects model in these analyses are included in the Appendix (see, also, Carey, 1992).
RESULTS
Figure 1 summarizes the proportion of respondents who reported ever having smoked, as a function of sample, birth cohort, and sex. In women, cohort differences were rather modest, with approximately 41-47% of women reporting that they were present or former smokers in all birth cohorts except the oldest Australian (34.1%) and AARP (32.8%) cohorts, and the 1955-1959 Virginia cohort (49.5%). There has, however, been a very pronounced decline in the proportion of male respondents who admit to ever having smoked, from older cohorts to more recent birth cohorts. This decline was especially apparent in the two U.S. samples and, in particular, the Virginia sample, where 78% of men born before 1940 reported being current or former smokers, compared with 42% of men from the youngest cohort (1960) (1961) (1962) (1963) (1964) (1965) (1966) (1967) . Table 1 gives the proportion of twin pairs who reported being concordant smokers, that is, where both twins reported having smoked at some stage in their lives, and the proportion of pairs who were discordant, that is, where one twin had never smoked and the other was a present or former smoker. In each sample, in every birth cohort, the proportion of discordant pairs was higher in like-sex DZ than in MZ pairs of the same sex, with the single exception of Australian male like-sex twin pairs born prior to 1936. This is consistent with a genetic influence on smoking initiation, with the single discrepant result perhaps being due to sampling variation. The proportion of discordant twin pairs was also generally higher in opposite-sex DZ twin pairs than in same-sex DZ twin pairs. In male like-sex twin pairs, there were pronounced changes in the proportion of twin pairs who were concordant for ever having smoked, the decline in this proportion being particularly pronounced when we compared older versus younger birth cohorts from the two U.S. samples (e.g., 28.0% of Virginia MZ male pairs born 1960-1967 compared to 63.6% of pairs born 1915-1939 are concordant smokers). However, because the proportion of twins who became smokers was also declining, and this decline would itself directly influence the proportion of pairs who are concordant smokers, we must not infer from this trend anything about changes over time in the genetic and environmental influences on risk of becoming a smoker.
Twin Correlations
Tetrachoric correlations for smoking initiation for male MZ and like-sex DZ twin pairs, computed separately for each birth cohort from each sample, are summarized in Figure 2 . In estimating the tetrachoric correlations, we allowed for the cohort differences in the incidence of smoking. The consistency of these correlations, despite the pronounced changes in the proportion of men becoming smokers, was striking. A similar consistency was observed for female twin pairs (Figure 3) , and for opposite-sex twin pairs (not shown). Only in the case of the Australian sample do we see any consistent trend from older to more recent cohorts, both MZ and DZ twin correlations increasing in more recent cohorts. Table 2 summarizes goodness-of-fit chi squares obtained when a single set of twin correlations was estimated for all cohorts Uoint analysis), separately for each sample, and when separate correlations were estimated for each cohort (separate analyses). Also given are the heterogeneity chi squares that test whether the twin correlations were significantly heterogeneous across birth cohorts. In none of the samples did we find significant heterogeneity of twin correlations across birth cohorts. Also shown in Table 2 are the chi squares obtained when we analyzed the twin pair contingency tables from the two U.S. samples in a single joint analysis, estimating a single set of twin correlations. Subtracting the chi squares obtained under the separate joint analyses of the Virginia and AARP data sets from the chi square under the combined joint analysis yielded a chisqua.re value, on 5 degrees of freedom, to test whether twin correlations in the two U.S. data sets were significantly heterogeneous. This chi-square value was nonsignificant, indicating no significant differences in the twin correlations between the two samples, X2(5) = 2.25, P = .81. However, when we performed a joint analysis of all three samples, estimating a single set of correlations, the goodness-of-fit chi square was extremely poor, X 2 (177) = 229.62, P = .005; and further analysis confirmed that the twin correlations in the Australian sample did differ significantly from those in the U.S. samples, X2(5) = 42.24, P < .001. 
BIRTH COHORT
• MZ t<t DZ 
~ MZ *DZ Table 3 summarizes twin tetrachoric correlations, and their standard errors, estimated in the joint analysis of all birth cohorts, separately for each sample, and for the combined analysis of the two U.S. samples. In each sample, we observed strong resemblance of MZ twin pairs (correlations of. 72-.83), implying that within-family environmental effects (i.e., those differences in environmental experiences that make even an identical twin differ from his or her cotwin) were having a relatively minor influence on risk of becoming a smoker. MZ twin correlations were substantially higher than the corresponding like-sex DZ twin correlations (correlations of .48-.55), but the latter were greater than one half the MZ correlations, implying that both genotype, and shared environment, were contributing to risk of becoming a smoker. Finally, opposite-sex DZ twin correlations (.35-.37) were lower than both male like-sex and female likesex DZ correlations in all three samples implying that some environmental influences shared by same-sex pairs might only be influencing smoking initiation in one sex. Table 4 compares the results of fitting genetic and environmental models to the twin contingency tables in a joint analysis of all birth cohorts. These models ignore sibling effects. Once again, separate analyses are reported for the Australian, Virginia, and AARP samples, as well as a joint analysis of the two U.S. Note. r(; denotes correlation between genetic effects in opposite-sex pairs; 1', denotes correlation between shared environmental effects in oppositesex pairs. The full models allow for both genetic and shared environmental effects on smoking initiation. For each sample, the chi square for the bestfitting model is underlined.
Models Ignoring Sibling Effects
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samples. In each sample, models that ignored genetic effects were rejected by a chi-square goodness-of-fit test, but a simple additive genetic model with no sex differences in the magnitude of the genetic influence gave an adequate, albeit somewhat marginal, fit to the data (i.e., p > .OS). Finally, a model that allowed for the magnitude of genetic and shared environmental influences on smoking initiation to depend upon sex gave a significant improvement in goodness of fit over the additive genetic model by likelihood-ratio chi-square test in all samples except the Virginia sample: Australia, X 2 (3) = 12.23, P < .001; Virginia, X2(3) = 4.32,p = .23; AARP, X2(3) = 8.87,p = .03; and combined U.S., X2(3) = lS.18,p < .001. Allowing for sex-specific shared environmental effects gave a nonsignificant improvement in fit in each sample. However, in the joint analysis of the two u.s. samples, this improvement in fit was almost significant, X2(l) = 3.S3, P = .08.
Estimates of genetic and environmental variance components, which give the proportions of the variance in liability (i.e., risk of becoming a smoker) accounted for by genetic, shared environmental, and within-family environmental variables, are summarized in Table S . Variance components, and their standard errors, are reported both under the best-fitting model, that is, the most parsimonious model consistent with the observed data (Neale & Cardon, 1992) and also under the full model (allowing for sex-dependent genetic and environmental effects with some sex-specific shared environmental influences). Under the full model, additive genetic factors accounted for 60% of the variance in liability in U.S. men, Sl % of the variance in U.S. women, 33% of the variance in Australian men, and 67% of the variance in Australian women. Shared environmental influences accounted for 23% of the variance in liability in U.S. men, 28% in U.S. women, 39% in Australian men, and IS% in Australian women. Within-family environmental effects accounted for 28% of the variance in Australian men, but for only 17-21 % in U.S. men and women, and Australian women. The estimate of the correlation between shared environmental effects in opposite-sex pairs was .34 in the U.S. sample and .49 in the Australian sample, but in neither case did this estimate differ significantly from unity by likelihood-ratio chi-square tests (compare Models 8 and 9 in Table 4 ). Under the most parsimonious model, the estimate of the additive genetic variance was increased to 83% in U.S. men, and the estimate of the shared environmental variance in U.S. men was effectively zero, but variance component estimates for U.S. women, and for Australian men and women, changed only modestly. Table 6 summarizes the results of fitting genetic and full models, allowing for a sibling effect (i.e., an environmental influence of smoking by the cotwin), on risk of smoking initiation. In the Australian sample, a genetic model (Model 3) which allowed for sex-dependent genetic effects with some genetic effects also being sex-specific, plus sex-dependent sibling effects, but no shared environmental effects, was the simplest sibling-effects model consistent with the data. The full model, which allowed also for sex-dependent shared environmental Note. Tc denotes the correlation between family environmental effects in men and women. Standard errors of parameter estimates are given in parentheses. Variance components for within-family environment are obtained by subtracting the additive genetic and shared environmental components from unity. effects, did not give a significantly better fit than Model 3, X 2 (2) = .36, P = .84.
Sibling-Effects Models
However, this full model also did not give a significant improvement in fit compared to the best-fitting model, which ignored sibling effects (Model 8 in Table   4 ), X2(3) = 2.54, P = .47. On the basis of these likelihood-ratio chi-square comparisons, therefore, the full model with no sibling effects and the sex-dependent genetic model with sibling effects were equally consistent with our observed Note. rc denotes correlation between genetic effects in opposite-sex pairs; Tc denotes correlation between shared environmental effects in opposite-sex pairs. The full models allow for both genetic and shared environmental effects on smoking initiation. For each sample, the chi square for the bestfitting model is underlined. In sex-dependent models, the magnitude of the sibling environmental effect, as well as genetic and shared environmental parameters, are allowed to vary as a function of sex. data. Table 7 summarizes the parameter estimates under the best-fitting siblingeffect model. The estimated sibling effect was substantial in men (.2) and smaller in women (.06). The additive genetic and within-family environmental variances reported in Table 7 are proportions of the total variance prior to any reciprocal sibling effects (i.e., h 2 = 46% in men, 77% in women). The direct genetic contribution to the total variance (including reciprocal sibling effects, see Appendix) was estimated as 37% in Australian male MZ twins and 71 % in Australian female MZ twins (or 39% and 71 % if indirect genetic defects also were included), values that were very comparable to the heritability estimates under the full model with no sibling effects (33% and 67%, respectively). Results of fitting sibling-effect models jointly to the two U.S. samples, shown in Tables 6 and 7 , also gave only suggestive evidence for a sibling effect on risk of smoking initiation. As with the Australian data, the simplest sibling-effect model consistent with the data was the model allowing for sex-dependent genetic effects with some sex-specific genetic effects (Model 3 in Table 6 ): This model gave a significantly better fit than the corresponding model ignoring sibling effects, X 2 (2) = 18.36, P < .001, and also gave better fits than simpler sibling-effects models; the addition of two shared environmental parameters (the full siblingeffects model, Model 6 in Table 6 ) did not give a further significant improvement in fit, X2(2) = 0.33, P = .85. However, once again, the full model ignoring sibling effects (Model 9 in Table 5 ) also did not give a significantly worse fit than the full sibling-effects model, X2(2) = 2.27, P = .32. Compared to the most parsimonious model ignoring sibling effects (Model 8 in Table 5 ), sibling-effects Model 5 (allowing for sex-dependent genetic and shared environmental effects with rc = 1) gave an improvement in fit that was just short of significance, X 2 (2) = 5.71, P = .06, and yielded a nonsignificant estimate, very close to zero, for shared environmental effects in men, X2(1) = 0.19, P = .66. Parameter estimates for the U.S. data are therefore presented in Table 7 for two siblingeffects models: the sex-dependent genetic model (Model 3 in Table 6 ) and the full sex-dependent model (Model 5, but with shared environmental effects in men fixed to zero). In men, estimates of the genetic contribution to risk of smoking initiation were very comparable: The proportion of the variance excluding sibling effects accounted for by genetic factors (h 2 ) was 73% under Model 3 and 70% under Model 5; the estimated proportion of the total variance in MZ men accounted for by direct genetic effects was, respectively, 61 % and 58% (increased to 62% and 59% when we allowed for indirect genetic effects). In women, under Model 3, corresponding estimates were 68%, 58%, and 59%, respectively. Under Model 5, our estimate of h 2 was 45% in women, with shared environmental factors accounting for an additional 38% of the variance excluding sibling effects. However, our estimate of the sibling effect on risk of smoking initiation (-.05) was slightly negative. These values implied that direct genetic effects (and also direct plus indirect genetic effects) were accounting for 49% of the total variance in MZ female pairs.
Genetic Contribution to Risk of Smoking
DISCUSSION
Determinants of Smoking Initiation
We analyzed twin data on initiation of smoking, assessed by retrospective report, on two large adult twin samples from the U.S., the Virginia and AARP samples, and a large Australian adult twin sample. The Virginia sample was a population-based sample ascertained from birth records, the AARP and Australian samples were derived from samples of volunteer twins, recruited through the media and other sources. The AARP sample comprised a high proportion of older twins, whereas the U.S. and Australian samples included a much higher proportion of young adult twins. Despite these differences in sampling, our analyses provided strikingly consistent evidence for a genetic influence on risk of becoming a smoker, confirming previous reports by other researchers (Eaves & Eysenck, 1980; Hannah et aI., 1985; Hughes, 1986) . The evidence for a genetic influence remained, and estimates of the magnitude of the genetic contribution (heritability) were even slightly increased when we allowed for the environmental influence of smoking by one twin on risk of smoking initiation by the cotwin (sibling effects).
Our confirmation of a genetic influence on risk of smoking initiation was not unexpected. However, the magnitude of that genetic influence was considerably greater than might have been anticipated from some previous reports (Hughes, 1986) . Although estimates of the proportion of the variance in risk attributable to genetic factors varied markedly as a function of genetic model, country, and gender, the lowest estimate that we obtained for any group was 28% (Australian men). Under different models, making different assumptions about the presence or absence of sibling effects or other shared environmental effects, heritability estimates ranged from 28-37% for Australian men, 67-77% for Australian women, 45-59% for U.S. women, and 58-83% for U.S. men. It remains to be determined whether this genetic influence arises because of an association between personality, which is known to be subject to strong genetic influence Loehlin, 1992) , and risk of becoming a smoker (Cherry & Kiernan, 1976; Eysenck, 1980; Zuckerman et al., 1990) ; or because of genetically determined differences in reactivity to nicotine, with some individuals who gave up smoking after very limited experience (e.g., after smoking only a single cigarette) describing themselves as never having smoked, rather than as former smokers; or because of the influence of other heritable factors. It clearly cannot be assumed, as a strict interpretation of social learning theory (Bandura, 1969) would imply, that all individuals with the same exposure to smoking by parents, siblings, or peers are equally at risk of becoming smokers.
In contrast to findings for the inheritance of personality (Bouchard, Lykken, McGue, Segal, & Tellegen, 1990; Eaves et al., 1989; Loehlin, 1992; Pedersen, Plomin, McClearn, & Friberg, 1988) and many other behavioral traits (Plomin & Daniels, 1987) where there is little evidence for any influence of shared environment, we did find a significant shared environmental influence on smoking initiation when we fitted models ignoring sibling effects. Shared environmental effects (which would include the environmental influences of parental smoking and smoking by other siblings, as well as of shared peers, attending the same school, growing up in the same neighborhood, etc.) accounted for a modest 33% of the variance in risk of smoking initiation in U.S. women, 15% of the variance in Australian women, 23% of the variance in U.S. men, and 39% of the variance in Australian men under the full model. The estimate of the correlation between shared environmental effects in opposite-sex twin pairs under the full model ignoring sibling effects, was only .33 in the combined U.S. analyses, and .49 in the Australian analyses, consistent with the possibility that one important influence on smoking initiation is that of same-sex peers, or of similar variables that are more likely to be shared by same-sex than opposite-sex siblings. However, we should note that this parameter did not differ significantly from unity, that is, the full model did not quite give a significant improvement in fit over a model that fixed this correlation to unity in either sample.
When we fitted sibling-effects models, which allowed for the environmental impact of smoking by one twin on risk of smoking initiation by the cotwin, a sex-dependent genetic model (which allowed for no shared environmental influences on risk other than those associated with the reciprocal sibling environmental influences) gave an excellent fit to both Australian and U.S. data sets. As others have commented (e.g., Eaves, 1976) , the classical twin design comparing MZ and DZ twin pairs reared together provides a powerful means of detecting shared environmental influences on behavior (Martin et aI., 1978) but provides very poor resolution of the extent to which such shared environmental influences are determined by cotwin's behavior versus other features of family background and shared experience. Extension of the classical twin design by collecting data on other relationships, for example, singletons who grow up without any siblings in the family, is needed to improve this resolution (Eaves, 1976) . We shall address this issue in future articles on the determinants of smoking initiation, using extended twin-family data.
In both u.s. and Australian samples, the effects of within-family environment (those differences in experience that make even an identical twin differ from his or her cotwin) were remarkably modest, accounting for less than 30% of the variance under the models ignoring reciprocal sibling effects. This figure may be contrasted with findings for the inheritance of personality and other behavioral traits, where within-family environmental effects account for as much as 50% of the variance (Eaves et aI., 1989; Loehlin, 1992; Plomin & Daniels, 1987) .
Birth Cohort, Sex, and Cross-Cultural Effects Our primary concern in this article was to examine whether changes in the incidence of smoking, occurring in association with such societal changes as the increase in awareness of the health hazards of smoking, have modified the relative contributions of genes and environment to risk of becoming a smoker. We were able to confirm differences between birth cohorts in the proportion of respondents who admitted ever having smoked, though this cohort effect was most pronounced in male respondents. When we tested for heterogeneity of the relative magnitudes of genetic and environmental influences on smoking initiation across birth cohorts, however, we found no evidence for such cohort differences in any of the three samples. Indeed, we found no significant heterogeneity of genetic and environmental parameters between the AARP and Virginia samples, despite the wide age range covered by these two samples, which included twins born at the end of the 19th century (AARP) as well as twins born in the late 1960s (Virginia). These finding suggest the possibility that the same variables, be they personality traits or other biological effects, have continued to determine which individuals will become smokers, but that in more recent years only individuals with more extreme values on those traits are becoming smokers.
Our analyses did demonstrate an important sex difference in the relative contributions, to risk of becoming a smoker, of genes, shared environment, and within-family environment. In all analyses, models allowing for sex-dependent parameters gave a significantly better fit to the data than models assuming no heterogeneity of genetic and environmental effects. In the two U.S. samples, genetic variables had a somewhat greater impact on risk of becoming a smoker in men than in women. Estimates of the direct genetic contribution in the joint analyses of the two U.S. samples ranged, under different models making different assumptions about the presence or absence of sibling effects or shared environmental effects, from 58%-61 % in men (or even as high as 83% if we use the parameter estimates from the best-fitting model ignoring sibling effects), and from 45%-59% in women.
We also found evidence for a significant cross-cultural difference in the magnitude of genetic and environmental influences on risk of becoming a smoker. The sex difference in the magnitude of the genetic influence on smoking initiation was reversed in the Australian sample, with direct genetic influences accounting for only 28-37% of the variance in men, but for as much as 67%-77% of the variance in women. We had no priori expectation that such sex differences in the magnitude of genetic effects would be found. A comparable sexdifference was found for patterns of alcohol use in the Australian sample, with a Genetic Contribution to Risk of Smoking 241 much stronger genetic influence in women than in men (Heath, Meyer, Jardine, & Martin, 1991) . Until this finding is replicated in a second sample from the Australian population, we cannot exclude the possibility that the relatively weak genetic influence that we observe in Australian men merely reflects an accident of sampling rather than a genuine cross-cultural difference.
A variety of plausible hypotheses, both psychosocial and psychobiological, can be advanced for the existence of sex differences in tobacco use (Grunberg, Winders, & Wewers, 1991) , and this applies equally to our finding of sex differences in the genetic influence on risk of smoking initiation. If personality variables play an important role as mediators of the genetic influence on smoking behavior, as some have hypothesized (e.g., Eysenck, 1980), a stronger influence of personality variables in one sex might explain this finding. Little is known about the genetics of nicotine sensitivity in humans, so that the possibility of a sex difference in the magnitude of any genetic influence on nicotine sensitivity cannot be discounted. Clearly, if the reversal of the direction of the sex difference in genetic effects in Australia, compared to the two U.S. samples, is a replicable phenomenon, then this implies that either psychobiological or psychosocial explanations must account for interactions with culture.
It is possible, because our model fitting assumes the environments to which MZ twins are exposed are no more highly correlated than those of DZ twins (except insofar as these environments are shaped by the behaviors of the twins themselves; Plomin & Bergeman, 1991), that we have overestimated the importance of the genetic contribution to risk of smoking initiation. A critical test of this possibility is the extent to which our genetic and environmental parameter estimates are able to predict the correlations between other types of relatives for smoking initiation. As data on the smoking habits of the adult relatives of the three twin samples-their parents, siblings, spouses, and adult childrenbecome available, we shall address this issue further.
When interpreting the findings reported here, it is important to remember that our data consist of the retrospective reports of adult twin pairs, and we cannot be completely certain about how respondents are defining a "smoker." We cannot exclude the possibility that individuals who have experimented with one or two cigarettes have nonetheless classified themselves as nonsmokers. The good stability of respondents' reports over time and the strong agreement between respondents' self-reports and ratings by their cotwin, give us no reason to doubt the accuracy of reports of whether an individual ever smoked. However, it remains to be determined whether the same strong genetic influence on risk of becoming a smoker will be found in cohorts of twins now in adolescence, or whether the pattern of inheritance of smoking initiation has been modified in this younger group.
APPENDIX
In this appendix, we summarize the assumptions that were used, following Carey (1992) , when we fitted genetic models allowing for reciprocal sibling environmental effects, that is, the environmental impact (represented by reciprocal paths i in men, if in women) of smoking by one twin or risk of smoking by the cotwin, and vice versa. (Strictly, because we are using a "threshold" or liability model, the sibling-effects model allows for the environmental influence of having a cotwin who is high on risk of smoking initiation). Under such sibling-effects models, if genetic effects are also present, the expected variances on the underlying scale of liability or "risk," as well as the expected covariances of twin pairs, will vary as a function of zygosity (Carey, 1986; Eaves, 1976) . For discontinuous variables such as smoking initiation, differences in variance in liability will lead to differences in incidence between MZ and DZ pairs, provided that the prevalence of smoking initiation differs from 50% (Carey, 1992) . We denote by Tj the expected correlation between twin pairs from the jth twin group (j = 1, ... , 45 for the joint analysis of data from five zygosity groups from nine age cohorts, in the analyses of the U.S. data; j = 1, ... 25 for the Australian analyses) in the absence of reciprocal sibling environmental effects, expressed as a function of genetic and shared and non shared environmental parameters; we assume, for convenience, that our latent liability variable, in the absence of reciprocal sibling interaction, is standardized to have a mean of zero and a variance of one. The expected variance of twins from the jth twin group, in the case of female like-sex twin pairs, will be and the corresponding expected covariance will be (Carey, 1986) , with expected variances and covariances for male like-sex pairs being obtained by substituting i for if. In the case of opposite-sex twin pairs, we cannot estimate simultaneously both an environmental effect of smoking by a male twin on risk of smoking initiation by the female cotwin, and the environmental effect of smoking by a female twin on risk of smoking initiation by the male cotwin. We have, therefore, assumed that the environmental impact on a female twin of having a smoking cotwin does not depend upon whether the cotwin is female or male, and likewise that the environmental impact on risk of smoking initiation by a male twin of smoking by his cotwin does not depend upon the sex of the cotwin. This is likely, at best, to be a reasonable approximation to reality. We also considered the possibility that reciprocal sibling effects were so small as to be effectively zero in opposite-sex pairs (Carey, 1992) , in preliminary analyses of these data, but this model did not, in general, lead to sensible parameter estimates. Assuming the same parameter value (i) for sibling effects on male twins from like-sex and opposite-sex twin pairs, and similarly the same parameter value (i') for sibling effects on female twins, then the expected variance for male twins from opposite-sex twin pairs will be V Mj = (1-ii')-2 (1 + i2 + 2ir), and that for female twins from opposite-sex pairs will be V Fj = (1 -i i')-2 (1 + i'2 + 2i' r), and the covariance of opposite-sex twin pairs will be
Because we have assumed standardization to unit variance prior to sibling interaction, we must rescale threshold values (e.g., Carey, 1992) as
where t'Mnk denotes the standardized threshold (for men) for the nth zygosity group (n = 1, ... 5), from the kth birth cohort, and tMk is the estimated threshold value for men from the kth birth cohort, corresponding to the case of no reciprocal sibling interaction. Under nongenetic models, sibling effects will not generate differences in variance as a function of zygosity, and so it is not possible to obtain separate estimates of the contribution of sibling effects, and other shared environmental influences, to risk of smoking initiation. The goodness of fit of nongenetic sibling-effect models will, therefore, be identical to the goodness of fit of nongenetic models that ignore sibling effects. Therefore, we report the goodness of fit only for sibling-effects models that also allow for a genetic contribution to risk of smoking initiation.
The goodness of fit of sibling-effects models was assessed by chi-square tests in the same manner as for conventional genetic models. Likelihood-ratio chisquare tests were used to compare the fit of different sibling-effects models and to compare the fit of the best-fitting sibling-effects model to that of the models ignoring sibling effects. As with the conventional genetic analysis, genetic and environmental variance components were constrained to be non-negative.
When significant sibling effects are found, there are several ways in which we can summarize the genetic contribution to risk of smoking initiation. We have computed the proportion of the variance in liability, excluding that component of the variance which arises through sibling effects, that is explained by genetic effects. This quantity, which we shall denote by h 2 , is needed to predict correlations in liability for other relationships where sibling effects are not occurring (e.g., separated twin pairs with no adoptive siblings). We also report the proportion of the total variance (including that component of variance arising through sibling effects) that is attributable to direct genetic effects, computed as h'2/(l + i2 + 2i r) (substituting i' for i in the case of female like-sex twin pairs); we also report the proportion of the total variance that is attributable both to direct genetic effects, and to the indirect effects arising through the reciprocal influence of each twin's liability on the liability of the cotwin, computed as h 2 (l + i 2 )/(1 + i2 + 2 i r)
We note that these two latter quantities will be different for different twin groups and report them only for same-sex MZ pairs.
